Abstract Purpose: The goals of this study are to elucidate the relationship of the oncogenic transcription factor signal transducer and activator of transcription 3 (STAT3) with glioma aggressiveness and to understand the role of high STAT3 activity in the resistance of malignant gliomas and medulloblastomas to chemotherapy. Experimental Design: Immunohistochemical staining and biochemical methods were used to examine the extent of STAT3 activation and EGFR expression in primary specimens and cell lines, respectively. Cellular response to drug treatments was determined using cell cytotoxicity and clonogenic growth assays. Results: We found STAT3 to be constitutively activated in 60% of primary high-grade/malignant gliomas and the extent of activation correlated positively with glioma grade. High levels of activated/phosphorylated STAT3 were also present in cultured human malignant glioma and medulloblastoma cells. Three STAT3-activating kinases, Janus-activated kinase 2 (JAK2), EGFR, and EGFRvIII, contributed to STAT3 activation. An inhibitor to JAK2/STAT3, JSI-124, significantly reduced expression of STAT3 target genes, suppressed cancer cell growth, and induced apoptosis. Furthermore, we found that STAT3 constitutive activation coexisted with EGFR expression in 27.2% of primary high-grade/malignant gliomas and such coexpression correlated positively with glioma grade. Combination of an anti-EGFR agent Iressa and a JAK2/STAT3 inhibitor synergistically suppressed STAT3 activation and potently killed glioblastoma cell lines that expressed EGFR or EGFRvIII. JSI-124 also sensitized malignant glioma and medulloblastoma cells to temozolomide, 1,3-bis(2-chloroethyl)-1-nitrosourea, and cisplatin in which a synergism existed between JSI-124 and cisplatin. Conclusion: STAT3 constitutive activation, alone and in concurrence with EGFR expression, plays an important role in high-grade/malignant gliomas and targeting STAT3/JAK2 sensitizes these tumors to anti-EGFR and alkylating agents.
Signal transducer and activator of transcription 3 (STAT3) is an oncogenic transcription factor (7, 8) that is constitutively active in many human cancers (9 -11) and regulates the transcription of several genes that are involved in cell cycle progression, antiapoptosis, cell survival, and angiogenesis, such as cyclin D1, c-fos, c-Myc, pim-1, Bcl-XL, VEGF, and MMP-2 (12 -20) . STAT3 can be activated by EGFR, JAK2, and other tyrosine kinases whose activation can be mediated by EGF, leukemia inhibitory factor (LIF), and other cytokines (7, 8, 21) . Thus, STAT3 is a convergent point of many signaling pathways and has a major role in oncogenesis (22) and tumor metastasis (23) , and efforts are ongoing to target it in anticancer drug development (24, 25) . STAT3 has also been shown to be constitutively activated in gliomas (26, 27) and medulloblastomas (26, 28) ; however, its association with high-grade gliomas, primary/de novo or secondary through progression from low-grade gliomas, remains uninvestigated. The first generation of anti-JAK2/STAT3 therapeutics is currently being evaluated in preclinical models of various cancer types (29 -31) and showed promising results in targeting malignant gliomas (32) . However, the efficacy of anti-JAK2/STAT3 strategies in medulloblastomas has not been evaluated. Also unaddressed is whether anti-JAK2/STAT3 agents cooperate with other chemotherapeutic agents to target human malignant gliomas and medulloblastomas.
The gene encoding EGFR and its constitutively activated variant, EGFRvIII, are often amplified and overexpressed in human adult gliomas (33, 34) . In contrast, EGFR and EGFRvIII are not significantly involved in medulloblastomas (35). EGFRvIII is a product of rearrangement with an in-frame deletion of 801 bp of the coding sequence of the extracellular domain, resulting in a deletion of residues 6 to 273 and a glycine insertion as residue 6 (34, 36 -38) . Both EGFR and EGFRvIII are tumorigenic for gliomas and major targets for glioma therapy (2, 39) . Unfortunately, anti-EGFR/EGFRvIII therapy remains unsatisfactory in targeting malignant gliomas. The efficacy of anti-EGFR small-molecule inhibitors and monoclonal antibodies in treating glioma patients has been evaluated in clinical trials as single agent and in combination with other chemotherapeutic agents but showed only modest effects (2, 40, 41) . Given the insufficient clinical efficacy and limited knowledge of the mechanisms underlying resistance to anti-EGFR therapy, a major goal of this study is to better our understanding of the malignant biology of EGFR-expressing gliomas and to elucidate the cellular factors that drive the resistant phenotype in these tumors.
Mechanisms underlying the resistance of human cancers to anti-EGFR therapy remain unclear. Nevertheless, PTEN mutation and deregulated phosphatidylinositol 3-kinase pathway have been shown to correlate positively with resistance of GBM patients to EGFR inhibitors (41, 42) . We and others reported that STAT3 physically interacted and functionally cooperated with EGFR, at both cytoplasmic and nuclear levels, to induce gene expression and regulate important cellular processes (9, 43) . On the cell surface, activated EGFR recruits and phosphorylates STAT3 at Y705, and in turn, phosphorylated STAT3 (p-STAT3) enters the nucleus to activate expression of several cancer-related genes (43) . We have recently shown that EGFR cooperates with STAT3 to induce TWIST expression and facilitate epithelial-mesenchymal transition in human breast and epidermoid carcinomas, epithelial cancers (11) . In the nucleus, EGFR interacts with STAT3 to activate expression of inducible nitric oxide synthase (9) . Moreover, dual inhibition of EGFR, JAK2, and JAK2/STAT3 led to a synergistic killing of EGFR/p-STAT3 -expressing human breast and epidermoid carcinoma cells (9) . Moreover, EGFR and JAK2 do significantly cross-talk. EGFR interacts with and phosphorylates JAK2 leading to JAK2 activation. On the other hand, JAK2 can phosphorylate EGFR to activate the mitogen-activated protein kinase pathway (44) . Together, these findings revealed that deregulated EGFR and STAT3 pathways significantly cross-talk at multilevels, leading to more aggressive tumor behaviors. However, the effect of these cross-talks on malignant gliomas remains uninvestigated.
In this study, we found a high extent of STAT3 constitutive activation in primary glioma specimens, particularly in highgrade/malignant gliomas, and cultured malignant glioma and medulloblastoma cells, and the extent of STAT3 constitutive activation correlated positively and significantly with glioma grade. These findings prompted us to examine whether inhibition of STAT3 alone led to medulloblastoma and malignant glioma cell death. In light of the role of EGFR as a STAT3-activating kinase, we further examined whether EGFR and constitutively activated STAT3 coexisted in primary glioma specimens and elucidated the pathologic significance of this coexpression in gliomas. Finally, we addressed whether inhibitors to EGFR and JAK2/STAT3 synergistically targeted EGFR-and EGFRvIII-expressing human GBM cells and if the anti-JAK2/STAT3 agent sensitized malignant glioma and medulloblastoma cells to clinically used chemotherapeutic agents, such as DNA-damaging alkylating agents.
Materials and Methods
Primary specimens and cell lines. Human medulloblastoma (UW228) and malignant glioma cell lines (anaplastic astrocytoma MGR1 and UW5 cells; GBM MGR2, MGR3, UW14, and UW281 cells)
Translational Relevance
Malignant gliomas and medulloblastomas are the most common brain tumors in adults and children, respectively. Unfortunately, glioblastomas are one of the most lethal malignancies and the treatments for which require urgent improvement. As for medulloblastomas, their therapy remains modestly effective; however, recurrence, metastasis, and unwanted side effects are frequent. Therefore, more effective and less toxic therapy is urgently needed for patients with these brain malignancies. Importantly, the results from this study provide new rationales for novel combinational therapies using anti-STAT3/JAK2 agents to sensitize EGFR/EGFRvIII-expressing malignant gliomas to anti-EGFR agents and to synergistically cooperate with the alkylating agent cisplatin in targeting medulloblastoma and malignant glioma cells. These findings also prompt the need of a future evaluation of the therapeutic efficacy of STAT3-based combinational therapy in targeting high-grade/malignant gliomas and medulloblastomas.
were established from primary specimens (45) . U87MG human GBM cells and mouse normal astrocytes, C8-S (type II phenotype) and C8-D30 (type III phenotype), were obtained from the American Type Culture Collection. U87MG-vector, U87MG-EGFR, and U87MG-EGFRvIII stable cell lines were established from the U87MG cells that expressed very low levels of wild-type EGFR. All cells were maintained in DMEM supplemented with 10% FCS. The stable U87MG cells were additionally supplemented with 1 mg/mL G418.
Reagents and chemicals. All chemicals and biochemicals were purchased from Sigma unless otherwise stated. Rabbit polyclonal antibodies to EGFR, cyclin D1, VEGF, JAK2, and STAT3 were purchased from Santa Cruz Biotechnology. Mouse monoclonal hactin and a-tubulin antibodies were from Sigma. Rabbit polyclonal, p-STAT3 (Y705), phosphorylated JAK2 (p-JAK2; Y1007/1008), and phosphorylated EGFR (Y1045) antibodies were from Cell Signaling. Mouse monoclonal Myc-tag antibody was from Roche. The GAS luciferase vector, pGAS-Luc, was purchased from Stratagene. Dual Luciferase Assay and CellTiter Blue Cell Viability Assay kits were from Promega. JSI-124 was obtained from NIH and EMD Chemicals. EGFR and EGFRvIII expression vectors were generated from pCMVTag5A (Stratagene) by cloning the cDNAs into the HindIII and XhoI sites of the vector. Both EGFR and EGFRvIII were expressed as Myctagged fusion proteins. LIF was purchased from EMD Chemicals. Consecutive tissue array slides were obtained from Imgenex and reagents used for immunohistochemical staining were from Vector Laboratories.
Immunohistochemical staining of primary specimens for p-STAT3 and EGFR. The immunoperoxidase staining method used in these studies was a modification of the avidin-biotin complex technique, as described previously (46) . The tissue array (Imgenex) contained paraffin-embedded microsections (5 Am) of 63 cases, including 5 normal brain tissues, 11 astrocytoma I, 24 astrocytoma II, 14 astrocytoma III, 6 astrocytoma IV/GBM, 2 medulloblastomas, and 1 ependymoma. The tumor sections were deparaffinized, dehydrated, and subjected to antigen retrieval in a microwave oven followed by incubation with 0.05% trypsin in PBS for 15 min at room temperature. Endogenous peroxidase activity was blocked by treatment of 0.3% hydrogen peroxide, and the slides were incubated with 10% normal goat serum for 30 min and then with the p-STAT3 antibody (1:30; Cell Signaling) and EGFR antibody (1:50; Novocastra) at 4jC overnight. Following washes with PBS, the slides were incubated with biotinylated secondary antibodies and then with avidin-biotin-horseradish peroxidase complex. Detection was done using 0.125% aminoethylcarbazole chromogen. After counterstaining with Mayer's hematoxylin (Sigma), the slides were mounted. Scoring was done by a pathologist.
Western blot analysis. Whole-cell lysates were extracted from cultured cells via sonication, electrophoresed onto SDS-polyacrylamide gels, and transferred to polyvinylidene difluoride membranes, as previously described (9) . Membranes were incubated with antibodies, including rabbit polyclonal EGFR, phosphorylated EGFR (Y1045), STAT3, p-STAT3 (Y705), cyclin D1, JAK2, p-JAK2 (Y1007/1008), and VEGF antibodies as well as mouse monoclonal h-actin and a-tubulin antibodies.
Immunofluorescence staining and confocal microscopy. Tumor cells and normal astrocytes were seeded in eight-well Lab-Tek chamber slides (Nunc, Inc.) for 24 h. After washing with ice-cold PBS, the cells were fixed in 4% paraformaldehyde for 15 min and permeabilized with 0.2% Triton X-100 for 5 min. Following treatment with 10% normal goat serum/1% bovine serum albumin for 60 min, the cells were incubated with polyclonal rabbit p-STAT3 and Myc-tag antibodies overnight at 4jC. After three washes with PBS, the cells were incubated with goat anti-rabbit secondary antibody (1:200; Vector Laboratories) tagged with fluorescein, and after which, they were mounted with Vectashield Mounting Medium containing propidium iodide (for nuclei detection) and then examined under a Zeiss LSM 510 confocal microscope. In LIF studies, cells were serum starved for 16 h and treated without and with 100 ng/mL LIF for 15 min and subjected to immunofluorescence staining and confocal microscopy.
Transfection and luciferase assay. Luciferase constructs used in these studies were pGAS-Luc and pcyclin D1-Luc, a generous gift from Dr. Mien-Chie Hung (M. D. Anderson Cancer Center, Houston, TX). All transfections were done with cells in exponential growth using Lipofectamine LTX (Invitrogen) and FuGENE HD (Roche). A Renilla luciferase expression vector, pRL-CMV, whose expression is controlled by the CMV promoter was used to control for transfection efficiency. Forty-eight hours after transfection, the cells were lysed and luciferase activity was measured using the Dual Luciferase Assay kit in a TD 20/20 luminometer (Promega), as previously described (9) . Relative luciferase activity was calculated by normalization of the firefly luciferase activity against that of the Renilla luciferase.
Cell survival and clonogenic growth assays. Tumor cells and normal astrocytes in exponential growth were seeded in 96-well culture plates and treated with vehicle control (1% DMSO) and various agents. After 48 h, the cells were subjected to cell survival analyses using the CellTiter Blue Cell Viability Assay. Briefly, 25 AL of the CellTiter Blue reagent were added to each well containing 100 AL medium and incubated for 4 h at 37jC, and then the absorbance was measured at 560/590 nm using a plate reader (Synergy-HT, Bio-Tek). Clonogenic growth assay was done in six-well cell culture plates with 250 to 2,000 cells seeded per well, as previously described (9) . Seeded cells were treated with 0 to 1 Amol/L of JSI-124 for 24 h, and medium was removed and replaced with fresh drug-free growth medium for 10 to 14 d. Colonies were stained with crystal violet blue solution (Sigma) for 1 h, washed with water, dried, and counted. Triplicate wells were used for each treatment and three independent experiments were done to derive means and SDs. NOTE: The extent of STAT3 activation in primary brain tumors and adjacent normal tissues was measured by immunohistochemical staining of a tissue array slide for p-STAT3 (Y705) and the correlation between STAT3 constitutive activation and glioma grade was subsequently determined. Immunostained normal brain tissues (n = 5) and gliomas (n = 55) were grouped into two categories according to a well-established system (48, 49): p-STAT3 z 20% (regarded as constitutive activation) and p-STAT3 < 20%. Regression analysis was done to determine the relationship between STAT3 constitutive activation and glioma grade (P = 0.0136; R = 0.949). * Number of specimens. Measurement of apoptosis. Cells treated per experimental procedures were harvested using trypsin-EDTA, washed with DMEM, and fixed in DMEM and ethanol (1:1) at 4jC. Fixed cells were pelleted, washed with growth medium, treated with RNase A (1 mg/mL in PBS), and stained with propidium iodide (50 Ag/mL in PBS). Cell cycle phase distribution was determined using an EPICS Profile II flow cytometer (Coulter Electronics). Cells at the sub-G 1 phase are considered the apoptotic population.
Median-effect analysis for treatment synergy. Survival fractions in each treatment were determined by CellTiter Blue Cell Viability Assay described above and the combination index (CI) was computed using the method developed by Chou and Talalay (47) and the computer software CalcuSyn (Biosoft).
Statistical analysis. Regression analysis and Student's t test were conducted using STATISTICA (StatSoft) and Microsoft Excel. P < 0.05 was considered statistically significant.
Results
STAT3 constitutive activation was frequently detected in primary high-grade/malignant gliomas and correlated significantly and positively with glioma grade. While the relationship of STAT3 constitutive activation with glioma grade remains elusive, we aimed to determine the extent of STAT3 activation in primary human glioma specimens by immunostaining a tissue array slide for p-STAT3 (Y705), the active phosphorylated form of STAT3, and correlated the extent with glioma grade. STAT3 constitutive activation was defined as z20% of the cells in the tumor section staining positive for p-STAT3 (9, 48, 49) . As shown in Table 1 , the frequency of constitutively activated STAT3 was very low (1 of 5, 20%) in normal brain tissues and higher in gliomas (22 of 55, 40%). In gliomas, the extent of STAT3 constitutive activation was 27.3%, 29.2%, 57.1%, and 66.7% in Fig. 1 . Constitutive activation of STAT3 was detected in primary glioma and medulloblastoma specimens.The extent of STAT3 activation in primary brain tumors and adjacent normal tissues was measured by immunohistochemical staining of a tissue array slide for p-STAT3 (Y705). A and B, representative immunostained cases. A, normal brain tissue, grade 1astrocytoma, and grade 2 astrocytoma. B, high-grade gliomas, grade 3 astrocytoma/anaplastic astrocytoma, and grade 4 astrocytoma/GBM. Arrows point to p-STAT3^positive nuclei that were brown/dark red, whereas p-STAT3^negative nuclei were light blue as we previously described (11) . C, a representative medulloblastoma from a 3-y-old patient that was immunostained positively for p-STAT3. astrocytoma grades I, II, III (anaplastic astrocytoma), and IV (GBM), respectively. Among the 55 glioma specimens analyzed, STAT3 was constitutively activated in 28.6% (10 of 35) of the low-grade (grades I and II) and 60% (12 of 20) in high-grade/malignant (grades III and IV) gliomas. Regression analysis further indicated a significant positive correlation between STAT3 constitutive activation and glioma grade (P = 0.0136; R = 0.949). Representative immunostained slides are shown in Fig. 1A and B, in which arrows point to nuclei that were stained positive for p-STAT3. Nuclei immunostained positive for p-STAT3 were indicated as brown/dark red signals, in contrast to the light blue p-STAT3 -negative nuclei, as we previously described (9, 11) . Normal brain tissue in Fig. 1A showed negative p-STAT3 staining, whereas glioma samples used were positively stained for p-STAT3. A medulloblastoma (Fig. 1C) and an ependymoma (data not shown) were also positive for p-STAT3. Together, these results indicate that constitutive activation of STAT3 is a frequent occurrence in human high-grade/malignant gliomas and is positively associated with glioma grade.
STAT3 and JAK2 were constitutively activated in cultured human malignant glioma and medulloblastoma cells. To better understand the extent of STAT3 activation in malignant gliomas and medulloblastomas, we analyzed four human malignant glioma and the medulloblastoma UW228 cell lines for the extent of STAT3 activation by determining the level of p-STAT3. Characteristics of all cell lines are described in Table 2 . Indeed, p-STAT3 was expressed at high levels in all five cell lines that we analyzed ( Fig. 2A) . In contrast, normal astrocytes, C8-S and C8-D30, did not express any detectable levels of STAT3 (Fig. 2B) . Stimulation with a STAT3-activating cytokine LIF did not result in STAT3 phosphorylation in C8-S and C8-D30 cells ( Supplementary Fig. S1 ). To elucidate the upstream kinases that phosphorylate/activate STAT3 in these cells, we analyzed the levels of EGFR ( Fig. 2A) and JAK2/p-JAK2 (Fig. 2C) , two tyrosine kinases that phosphorylate STAT3 at Y705. It is noticeable that only UW14 GBM cells contained significant levels of endogenous EGFR, which is consistent with the notion that primary gliomas tend to lose EGFR/EGFRvIII expression after culturing in vitro (50) and that medulloblastomas do not express detectable levels of EGFR (35). These cells contained intrinsic active JAK2 (Fig. 2C) , p-JAK2 (Y1007/1008), indicating that constitutively activated JAK2 may contribute to the observed constitutive activation of STAT3 in cultured human malignant glioma and medulloblastoma cells.
Nuclear expression of p-STAT3, an indication for active STAT3 as a transcription factor, in human malignant glioma and medulloblastoma cell lines was further analyzed using immunofluorescence staining and confocal microscopy ( Fig. 3) . Nuclear p-STAT3 is indicated as yellow signals, merged products of p-STAT3 (green) and nuclei (red from propidium iodine). Here, we detected significant nuclear localization of p-STAT3 in UW228 medulloblastoma cells (Fig. 3A) and GBM lines (MGR3 cells in Fig. 3B ; three additional lines not shown). In contrast, normal astrocytes contained very low levels of p-STAT3 (Fig. 3C) . Consistent with the observed high levels of p-STAT3 in the cell nucleus, malignant glioma and medulloblastoma cell lines showed a significantly higher ability to activate STAT3 target promoters, the gamma-activated sequence/GAS-containing (left) and cyclin D1 (right) promoters, than normal astrocytes (Fig. 3D) . To note, p-STAT3 binds to the GAS motif within the promoters of its downstream target genes to activate their expression (51) . Moreover, similar levels of p-STAT3 were detected in the control and LIF-treated MGR3 GBM cells (Supplementary Fig. S2 ), Fig. 2 . STAT3 and JAK2 constitutive activation was observed in cultured human medulloblastoma and malignant glioma cells but not in normal astrocytes. A, human malignant glioma and medulloblastoma cells frequently expressed constitutively activated STAT3 (p-STAT3). Human malignant glioma (MGR1, MGR3, MGR2, and UW14) and medulloblastoma UW228 cells were analyzed via Western blot analyses for the levels of STAT3, p-STAT3, and EGFR. Levels of a-tubulin were also determined as loading controls. B, normal astrocytes did not express detectable levels of STAT3 and p-STAT3. Normal astrocytes, C8-S and C8-D30, were lysed, and proteins were extracted and subjected toWestern blot analyses to detect STAT3 in which a-tubulin served as a loading control. MGR1lysates were included as a positive control for STAT3 expression. C, JAK2 was found constitutively activated in cultured human medulloblastoma and malignant glioma cells. Tumor cells were analyzed via Western blot analyses for the levels of p-JAK2 (Y1007/1008) and total JAK2. Levels of a-tubulin were also determined as loading controls.
suggesting LIF-independent STAT3 activation in these cells. This is consistent with the notion that LIF is not significantly involved in STAT3 activation in glioma cells (52) . Together, these data indicate that the STAT3 pathway, including its upstream tyrosine kinase JAK2 and downstream gene targets, is constitutively activated in human malignant glioma and medulloblastoma cells.
JAK2/STAT3 inhibition robustly targeted human medulloblastoma and high-grade/malignant glioma cells. The efficacy of anti-STAT3 approaches in targeting medulloblastomas has yet been evaluated, whereas gliomas are targeted by small-molecule inhibitors, dominant-negative STAT3, and STAT3 small interfering RNA (32, 53, 54) . In light of our observation that STAT3 is frequently activated in cell lines and primary specimens of human medulloblastomas and gliomas, we hypothesized that STAT3 activation is important for the growth of these cells and that STAT3 suppression will lead to their death. It is also worthwhile to mention that the efficacy of a small-molecule JAK2/STAT3 inhibitor, JSI-124/cucurbitacin I, in targeting glioma and medulloblastoma cells has yet been evaluated, to our best knowledge. As shown in Fig. 4A , 48-h treatments with JSI-124 resulted in a dose-dependent growth suppression of medulloblastoma and malignant glioma cells. IC 50 values for JSI-124 were significantly lower, 0.006 to 0.05 Amol/L, for medulloblastoma and malignant glioma cells than 0.5 Amol/L for normal astrocytes, indicating that JSI-124 specifically targeted these tumor cells but not normal astrocytes. Consistently, JSI-124 IC 50 values in C8-D30 normal astrocytes were 22-to 83-fold higher than those in human glioma and medulloblastoma cells. The observed potent JSI-124 -mediated growth suppression in both medulloblastoma and malignant glioma cells was further confirmed using clonogenic growth assay (Fig. 4B) . Because STAT3 suppression has been shown to induce apoptotic cell death, we next examined whether JSI-124 killed these tumor cells, in part, via induction of apoptosis and found that all five medulloblastoma and high-grade glioma cell Fig. 3 . Nuclear expression and transcriptional activity of activated STAT3 were detected in human malignant glioma and medulloblastoma cells. The medulloblastoma UW228, human GBM MGR3 cells, and two normal astrocytes, C8-S and C8-D30, were used in these studies. A to C, high levels of p-STAT3 in the nucleus of tumor cells but not normal astrocytes. Immunofluorescent staining and confocal microscopy analysis were conducted to indicate p-STAT3 expression and cellular location. Nuclear p-STAT3 was identified using anti-p-STAT3 antibody, whereas nuclei were stained with propidium iodine and indicated as red signals. Nuclear p-STAT3 was shown as yellow signals, merged products of p-STAT3 (green) and nuclei (red). Low (Â20) and high (Â100) resolution images for medulloblastoma (A), malignant glioblastoma MGR3 cells (B), and normal astrocytes (C) are shown. D, high STAT3 activity in medulloblastoma and malignant glioma cells but not in normal astrocytes. Tumor cells and normal astrocytes were transfected with pGAS-Luc or pcyclin D1-Luc and the control vector pRL-TK. Following 48 h, cells were lysed and subjected to luciferase assay as we previously described (9, 11) . All data were derived from three independent experiments and analyzed by the Student's t test for P values. lines underwent significant apoptosis following JSI-124 treatments (Fig. 4C) .
EGFR and STAT3 in Gliomas and
To examine whether JSI-124 targeted these cancer cells by specific inhibition of STAT3 activation, we examined the effects of JSI-124 on STAT3 phosphorylation at Y705 and the expression of STAT3 target genes, cyclin D1 and VEGF. JSI-124 time-dependently reduced p-STAT3 levels in both MGR1 human anaplastic astrocytoma (Fig. 4D ) and MGR3 human GBM cells (Supplementary Fig. S3 ). We also observed a time-dependent reduction in the expression of cyclin D1 and VEGF in MGR1 cells (Fig. 4D) . In MGR3 cells, cyclin D1 levels time-dependently decreased after JSI-124 treatments ( Supplementary Fig. S3 ). To note, MGR3 cells did not contain detectable levels of VEGF, which is in contrast to other human malignant gliomas that express high levels of VEGF (data not shown). Consistently, JSI-124 significantly reduced the ability of STAT3 to activate both cyclin D1 and GAScontaining promoters in MGR1 (Fig. 4D ) and MGR3 Fig. 4 . JAK2/STAT3 inhibition by JSI-124 robustly suppressed STAT3 activation, reduced expression of its target genes, and killed human medulloblastoma and malignant glioma cells. A, a small-molecule inhibitor for JAK2/STAT3, JSI-124, strongly inhibited the growth of medulloblastoma UW228 and malignant glioma (MGR1, MGR2, and MGR3) cells but not normal astrocytes. JSI-124 has been previously tested to have JAK2/STAT3 inhibitory effects (25) . All cells were treated with JSI-124, 0 to 10 Amol/L, for 48 h; cell viability was determined; and IC 50 values were derived. B, the killing effect of JSI-124 was confirmed using the clonogenic growth assay. UW228, MGR1, and MGR3 cells in single-cell suspension were seeded in triplicates onto six-well culture plates 24 h before JSI-124 treatments, exposed to JSI-124 (0-100 nmol/L) for 24 h, and then cultured in regular growth medium. Colonies were stained with crystal violet blue solution and counted 10 to 14 d later. Representative colonies stained with crystal violet blue are shown. C, JSI-124 induced significant apoptotic cell death.The medulloblastoma UW228 cell line and four malignant glioma (MGR1, MGR2, MGR3, and U87MG) cell lines were treated with and without JSI-124, 1 Amol/L, for 24 h, harvested, and subjected to cell cycle analyses. Apoptotic cells were indicated by those in the sub-G 1 cell cycle phase. D, JSI-124 suppressed STAT3 activation and expression of its downstream target genes, cyclin D1 and VEGF. Left, MGR1anaplastic astrocytoma cells were treated with 1 Amol/L JSI-124 for 0 to 4 h, harvested, and subjected to Western blot analysis to determine levels of p-STAT3, STAT3,VEGF, cyclin D1, and a-tubulin; right, MGR1cells were transfected with pGAS-Luc or pcyclin D1-Luc and the transfection efficiency control, pRL-TK. Forty hours after transfection, cells were treated with and without JSI-124 for 4 h, lysed, and subjected to luciferase assay. All data were derived from three independent experiments and analyzed by the Student's t test for P values. Fig. S3 ) cells. Using isogenic U87MG cell lines, U87MG-vector, and U87MG-EGFR, we found U87MG-EGFR cells to contain significantly higher p-STAT3 expression and a high sensitivity to JSI-124 ( Supplementary Fig. S4 ), relative to U87MG-vector cells, indicating that JSI-124 preferentially targets cancer cells with high p-STAT3. Taken together, these results indicate that the JAK2 inhibitor JSI-124 robustly inhibits STAT3 phosphorylation/activation and reduces expression of its downstream target genes, leading to significant cell death in human medulloblastoma and high-grade/malignant glioma cells.
Coexpression of EGFR and constitutively activated STAT3 was detected in primary glioma specimens and correlated significantly and positively with glioma grade. In light of our observations that STAT3 was constitutively activated in 40% of human primary gliomas and 60% in high-grade/malignant gliomas, and that EGFR and constitutively activated STAT3 were coexpressed in, approximately, 40% of a cohort of human breast carcinomas (11), we then asked whether this coexpression also existed in primary glioma specimens. The same cohort of gliomas that we previously immunostained for p-STAT3 was analyzed for EGFR using immunohistochemical staining analysis (46) . Approximately, 33% (2 of 6) of the primary GBM/grade IV astrocytomas contained both STAT3 constitutive activation and EGFR expression, whereas 21.3% (3 of 14) of the grade III/anaplastic astrocytomas expressed them (Table 3) . Noticeably, none of the normal brain tissues or grade I astrocytoma contained both EGFR and STAT3 constitutive activation. Importantly, regression analysis showed that the extent of coexpression correlated significantly and positively with glioma grade (P = 0.0019; R = 0.99). A representative GBM tumor containing both EGFR and STAT3 constitutive activation is shown in Fig. 5A . Noticeably, EGFR was primarily located in the cell surface and cytoplasm, whereas p-STAT3 was mostly in the nucleus, consistent with its role as transcription factor. Together, these results indicate that EGFR and STAT3 colocalize and potentially cross-talk in primary high-grade/malignant gliomas and such interaction may play an important role in high-grade but not low-grade gliomas.
Combination of anti-EGFR agent Iressa and anti-JAK2/STAT3 agent JSI-124 synergistically targeted stable EGFR-and EGFRvIII-expressing human GBM cells. As we observed a high level of STAT3 constitutive activation and coexpression of EGFR with p-STAT3 in primary GBM specimens, we speculated that the observed high STAT3 activity may contribute to resistance of EGFR/EGFRvIII-expressing GBMs to anti-EGFR therapy. As primary EGFR/EGFRvIII-expressing GBMs tend to lose EGFR/ EGFRvIII expression in vitro (50), we aimed to mimic these tumors by generating three isogenic stable EGFR-and EGFRvIII-expressing GBM cell lines from U87MG cells who expressed a very low level of endogenous wild-type EGFR. These lines were designated U87MG-vector, U87MG-EGFR, and U87MG-EGFRvIII. Western blot analysis confirmed the expression of EGFR (170 kDa) and EGFRvIII (145 kDa) in U87MG-EGFR and U87MG-EGFRvIII cells, respectively (Fig. 5B) . Noticeably, U87MG-EGFR and U87MG-EGFRvIII cells not only expressed high levels of EGFR/EGFRvIII but also p-STAT3, which mimic primary GBMs that coexpress EGFR/EGFRvIII and constitutively activated STAT3, as we observed in 33% of the primary GBMs that we analyzed. These cell lines were then used for subsequent studies.
We found the isogenic stable cell lines to be more resistant to the EGFR kinase inhibitor Iressa compared with the JAK2/ STAT3 inhibitor JSI-124 (Fig. 5C ). Among these three stable lines, U87MG-vector cells were the least sensitive to both agents, suggesting specific targeting of Iressa to EGFR/EGFRvIIIexpressing cancer cells, and JSI-124 to those with high p-STAT3. We then asked whether JSI-124 would sensitize U87MG-EGFR and U87MG-EGFRvIII cells to Iressa treatments and found that combination of Iressa and JSI-124, in the molar ratios of 125:1, 125:5, and 125:10, significantly increased cell kill in both cell lines (Fig. 5D ). Iressa and JSI-124 alone did not completely reduce EGF-induced STAT3 activation in U87MG-EGFR cells despite that Iressa successfully inhibited EGF-induced EGFR activation by means of EGFR autophosphorylation at Y1045 (Supplementary Fig. S5A ). In contrast, the combination of Iressa and JSI-124 synergistically and significantly decreased p-STAT3 levels. JSI-124 specifically inhibited JAK2/STAT3 pathway rather than EGFR activity. To address whether a treatment synergy existed, we did the median-effect analysis, developed by Chou and Talalay (47), as we previously described (9) . The analysis generates CI that indicates synergistic (CI < 1), additive (CI = 1), and antagonistic (CI > 1) effects. It is evidenced by the results shown in NOTE: To examine whether EGFR and constitutively activated STAT3 coexpressed in primary glioma specimens, we further immunostained the cohort of human gliomas, which we previously analyzed for p-STAT3, for EGFR as we previously described (47) . Normal brain tissues and gliomas were grouped into two categories according to EGFR and p-STAT3 levels: ''EGFR + /p-STAT3 z 20%'' and ''others'' that included gliomas with EGFR -/p-STAT3 < 20%, EGFR -/p-STAT3 z 20%, and EGFR + /p-STAT3 < 20%. Tissues with p-STAT3 z 20% were regarded as with STAT3 constitutive activation (48, 49) . Regression analysis was done to determine the relationship between coexpression of EGFR with STAT3 constitutive activation and glioma grade (P = 0.0019; R = 0.99). * Gliomas with EGFR -/p-STAT3 < 20%, EGFR - Supplementary Fig. S5B that Iressa and JSI-124 synergistically targeted both U87MG-EGFR and U87MG-EGFRvIII cells at molar ratios of 125:1 and 125:5, but not 125:10, as indicated by CI values that were <1.0. Collectively, these results indicate that high STAT3 activity may constitute a mechanism underlying resistance of human GBMs to anti-EGFR therapy and that dual inhibition of both EGFR and STAT3/JAK2 pathways potently and synergistically targets EGFR-and EGFRvIIIexpressing human GBM cells.
JAK2/STAT3 inhibition sensitized malignant glioma and medulloblastoma cells to anticancer agents. Although JAK2/ STAT3 suppression targeted malignant glioma cells as shown by this study and other reports (32, 53, 54) , its role in sensitizing these tumors to chemotherapeutic agents remains uninvestigated. We showed in this study, for the first time, that STAT3/JAK2 inhibition led to growth suppression of human medulloblastoma cells, which prompted the need to investigate whether such inhibition sensitized these cells to chemotherapeutic agents. Temozolomide, BCNU, and cisplatin are DNA-damaging alkylators and among the most commonly used chemotherapeutic agents in glioma patients. BCNU and cisplatin are also being used to treat pediatric Fig. 5 . Coexpression of EGFR with constitutively activated STAT3 was frequently detected in primary GBMs: JAK2/STAT3 inhibition sensitizes EGFR/EGFRvIII-expressing GBM cells to Iressa. A, we immunostained the cohort of human gliomas, which we previously analyzed for p-STAT3, for EGFR as we previously described (47) . A representative GBM tumor containing both STAT3 constitutive activation (left) and EGFR (right) is shown. Adjacent tumor sections were used in these studies. B, stable U87MG-EGFR and U87MG-EGFRvIII cells expressed high levels of EGFR and EGFRvIII. All three stable cell lines were subjected to Western blot analyses for expression of EGFR, STAT3, and p-STAT3. Levels of a-tubulin were also determined as loading controls. Noticeably, U87MG-EGFR cell expressed wild-type EGFR (170 kDa), whereas U87MG-EGFRvIII cells expressed EGFRvIII with a lower molecular weight, 145 kDa. C, sensitivity of U87MG-EGFR and U87MG-EGFRvIII cells to Iressa and JSI-124. Both cell lines were treated with Iressa (0-100 Amol/L) or JSI-124 (0-10 Amol/L) for 48 h and survival rates were determined. Points, mean of three independent experiments; bars, SD. D, JSI-124 sensitized U87MG-EGFR and U87MG-EGFRvIII cells to Iressa treatments. Both cell lines were treated with Iressa (0 or 12.5 Amol/L), JSI-124 (0-1 Amol/L), or in combination for 48 h and survival rates were determined. Data were derived from three independent experiments. medulloblastomas, whereas temozolomide is under clinical evaluation for these patients. Unfortunately, the efficacy of these three agents in treating both medulloblastomas and malignant gliomas is only modest.
We found that human medulloblastoma UW228 and malignant glioma MGR1, MGR2, and MGR3 cell lines were highly resistant to temozolomide/TMZ and BCNU and modestly resistant to cisplatin/CDDP (Table 4) . JSI-124 treatment significantly increased the sensitivity of UW228 and MGR3 cells to temozolomide (Fig. 6A) and BCNU (Fig. 6B) , and in contrast, MGR1 and MGR2 cells were only modestly sensitive to the combination treatments. Importantly, JSI-124 strongly sensitized all cell lines, except for MGR2, to cisplatin and the effects were achieved by low doses of cisplatin (1-20 Amol/L; Fig. 6C ). In light of the ability of JSI-124 to sensitize these tumor cells to low doses of cisplatin, we next examined whether the combination of cisplatin with JSI-124, at a molar ratio of 200:1, was synergistic in targeting medulloblastoma and malignant glioma cells. Median-effect analysis and CalcuSyn software were used to determine synergy, as previously described (9, 47) . The results from these studies ( Fig. 6D ; Supplementary Fig. S6) show that combined uses of cisplatin and JSI-124 yielded significant synergistic cell kill in all four cell lines, as indicated by CI values <1.0. Taken together, Table 4 . Sensitivity of medulloblastoma and malignant glioma cells to temozolomide, BCNU, and cisplatin To determine whether a synergy existed between cisplatin and JSI-124, we did median-effect analysis to determine CI values, as previously described (9, 48) . Combination of cisplatin with JSI-124 was mixed in the molar ratio of 200:1. UW228 and MGR3 cells were exposed to treatments for 48 h and cell viability was determined. CI < 1: synergy, CI = 1: additive effect, CI > 1: antagonistic effect.
STAT3/JAK2 inhibition by JSI-124 sensitized human medulloblastoma and malignant glioma cells to temozolomide, BCNU, and cisplatin treatments and strongly cooperated with cisplatin resulting in synergistic cell death.
Discussion
We report in this study that the STAT3 pathway is highly deregulated in human medulloblastomas and gliomas, and a treatment target for sensitization to chemotherapy, and that STAT3 constitutive activation significantly coexists with EGFR in high-grade/malignant, but not low-grade, gliomas contributing to their resistance to anti-EGFR agents. Although STAT3 constitutive activation is frequently found in various human cancers, the extent of STAT3 constitutive activation in primary human gliomas, however, remains elusive. In this study, using p-STAT3 (Y705) as a measure of STAT3 activation, we found 40% (22 of 55) of grade I-IV primary gliomas to have constitutively active STAT3. This is consistent with other reports showing that approximately 50% to 60% of human breast tumors were found to contain constitutively activated STAT3 (10, 11) . Moreover, we found that STAT3 was constitutively activated in 28.6% of low-grade (grades I and II) gliomas and 60% in high-grade (grades III and IV) gliomas. If only considering p-STAT3 negativity or positivity, we found the majority of the primary gliomas, 63.6% (35 of 55), to stain positively for p-STAT3, with 54.3% (19 of 35) in low-grade gliomas (grades I and II) and 80% (16/20) in high-grade gliomas (grade III and IV). In agreement with this finding, Schaefer et al. (26) previously reported 54.5% (6 of 11) and 81.8% (9 of 11), respectively, of low-grade and high-grade/ malignant gliomas to contain p-STAT3. In contrast, another study observed p-STAT3 in <9% of high-grade gliomas (55) . Those glioma cases that do not contain significant STAT3 activation are likely the result of either low STAT3 expression or the lack of aberrant upstream kinases that phosphorylate STAT3.
Despite that a high frequency of constitutively activated STAT3 was observed in human malignant gliomas, it remains undefined whether STAT3 constitutive activation is linked to the aggressiveness of these tumors. Here, we provide evidence, for the first time, that STAT3 constitutive activation is positively associated with glioma grade. This finding further suggests the potential pathologic significance of STAT3 activation in the aggressiveness of human gliomas.
In an attempt to profile the STAT3 pathway in human glioma cells, we found that tumor cells with hyperactive STAT3 tend to express high levels of cyclin D1 and VEGF and to activate the GAS and cyclin D1 promoters. To our best knowledge, this is the first study to investigate whether gliomas with activated STAT3 indeed express high cyclin D1 and VEGF, although overexpression of both genes in gliomas has been previously reported (56, 57) . Our data also suggest that STAT3 suppression can lead to decreased expression of cyclin D1, a positive G 1 regulator, further implying that targeting STAT3 may inhibit glioma growth via reducing the expression of cyclin D1. In line with our observation that VEGF is expressed in human malignant glioma cells with hyperactive STAT3, tumor endothelial cells within highly vascularized gliomas have been reported to contain constitutively activated STAT3, which activates VEGFR-2 expression (26) . This finding, together with our observation that malignant glioma cells frequently express high levels of VEGF, suggests that gliomas with activated STAT3 may have a VEGF/VEGFR autocrine loop to facilitate angiogenesis of malignant gliomas.
Targeting STAT3 as an anticancer strategy has emerged as a major area of research and several anti-STAT3 agents have been developed and evaluated in cultured cancer cells and in xenografts. For example, anti-STAT3 platinum compounds, CPA1 and CPA7, have shown antitumor activity in colon tumors (58) . STA-21 targeted breast cancer cells (59) . AG490 inhibited the growth of U251 GBM cells (60) . WP1066, more potent than AG490, suppressed the growth of s.c. U87MG malignant gliomas (32) . In addition to small-molecule inhibitors, STAT3 small interfering RNA has been shown to induce apoptosis in A172 GBM cells (53, 54) . JSI-124 inhibited STAT3 phosphorylation leading to growth suppression of lung and breast tumors and cultured lymphoma cells and cervical and endometrial cancer cells (25, 30, 61, 62) . The effect of JSI-124 in human gliomas was first tested in this study and the results showed a potent and significant inhibition of STAT3 activation and cell growth in human malignant glioma and medulloblastoma cells. To our best knowledge, JSI-124 displays the most potent killing effect thus far in cultured human glioma cells compared with other anti-STAT3 agents, such as AG490 and WP1066. We also showed for the first time that STAT3 inhibition led to medulloblastoma cell death.
JSI-124 was identified as a JAK2 inhibitor that suppresses STAT3 phosphorylation but displays much lower activities toward JAK1 and src (25) . Although it is likely that JSI-124 may also inhibit STAT1 and STAT5 phosphorylation in addition to STAT3, the report by Nefedova et al. (61) indicated that JSI-124 has effects only on the phosphorylation of STAT3 but not on that of STAT1 or STAT5.
Also serve as an important anticancer target, EGFR and EGFRvIII are frequently overexpressed in human gliomas and associated with tumorigenesis (2, 63) . Thus far, four anti-EGFR agents have been approved for cancer patients: gefitinib/Iressa for non -small cell lung cancer, monoclonal EGFR antibodies cetuximab and panitumumab for metastatic colorectal cancer, and erlotinib for metastatic non -small cell lung cancer. Their efficacy in treating glioma patients has been evaluated in clinical trials as single agent and in combination with other chemotherapeutic agents but with modest effects (2, 40, 41) .
Mechanisms underlying the resistance to anti-EGFR therapy, however, remain unclear. The results in this study indicate that high STAT3 activity may contribute a novel mechanism underlying resistance of human GBMs to anti-EGFR therapy and that dual inhibition of both pathways potently and synergistically targets EGFR-and EGFRvIII-expressing human GBM cells. This is consistent with the observations from this study that EGFR frequently coexist with STAT3 constitutive activation in primary high-grade gliomas. In agreement with these observations, STAT3 has been shown to physically interact and functionally cooperate with EGFR, at both cytoplasmic and nuclear levels, to induce gene expression and regulate important cellular processes (9, 43) . Activated cell-surface EGFR recruits and phosphorylates STAT3 at Y705, and in turn, p-STAT3 enters the nucleus to activate expression of several cancer-related genes. For example, EGFR cooperates with STAT3 to induce TWIST expression and facilitate epithelial-mesenchymal transition in cancers of the epithelial origin (11) . On the other hand, nuclear EGFR interacts with STAT3 to activate expression of inducible nitric oxide synthase (9) . Dual inhibition of EGFR and STAT3/ JAK2 led to synergistic killing of human breast and epidermoid carcinoma cells (9) . Accumulatively, the results in this study solidify an important role that STAT3 constitutive activation plays in the resistance of EGFR/EGFRvIII-expressing high-grade gliomas to anti-EGFR therapy.
Current therapy for malignant gliomas and medulloblastomas, the most common brain tumors in adults and children, respectively, remains unsatisfactory and is in need of identification of novel targets and more effective, less toxic therapeutic strategies (1, 4) . The results from this study provide new rationales for novel combinational therapies using anti-STAT3/JAK2 agents to sensitize EGFR/EGFRvIII-expressing malignant gliomas to anti-EGFR agents and to synergistically cooperate with the alkylating agent cisplatin in targeting both medulloblastoma and malignant glioma cells. These findings also prompt the need of a future evaluation of the therapeutic efficacy of STAT3-based combinational therapy in targeting high-grade/malignant gliomas and medulloblastomas.
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